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•  Abstract	for	the	incoming	48th	EPS	
Conference	as	poster	contribution	

	

•  The	work	has	been	developed	during	
2021	for	the	DTT	MHD	Task	and	it	has	
been	presented	during	the	final	
meeting	related	to	the	task	

	

V.	Fusco	-	WIP	28	February	2022	



Outline	

Introduction	
	
•  Aim	of	the	study	
		

	
	

Summary	of	results	obtained	(i)	and	how	they	have	been	approached(ii):	
	
•  Ideal	stability	

•  Resistive	stability	

•  Sensitivity	analysis	
	

from	low	to	intermediate	toroidal	mode	number	n	
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Aim	of	the	study	

ü  Investigate,	from	a	stability	point	of	view,	DTT	scenarios	
Different	reference	equilibria	have	been	analyzed	which	have	similar	characteristic	as	concern	
stability.	In	particular,	the	following	analysis	focuses	on	the	reference	scenario:	
final_eqdskfile_PPFseq2196_DTT2021_02567.	

•  Single	Null	(SN)	
The	scenario	analyzed	has	the	following	characteristics:	
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Stability	analysis	is	considered	to	be	of	fundamental	importance	to	allow	operation	of	
plasma	fusion	devices	and	prevent	bad	confinement	with	consequent	loss	of	plasma	
performance	and/or	plasma	wall	damages.		



•  Positive	Triangularity	(PT)	

•  Full	Power	Scenario	
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a 	=0.70	m	
R0 	=2.19	m	
B0 	=	5.85	T	
Ip 	=5.5	MA	
Ptot 	=45	MW	
ne 	≈2.4	1020	m-3	

Te 	≈15	keV	
Ti 	=9.5	keV	

DTT		main	parameters	



ü  Mainly	Ideal	stability,	indeed	ideal	MHD	stability	evolves	on	the	rapid	Alfven	time	
scale	so	that	they	can	be	catastrophic	for	plasma	confinement	

	
ü  Resistive	stability.	Resistivity	removes	constraints	from	the	ideal	equation	adding	

new	modes	to	stability	scenario.	Anyway,	resistive	instabilities	generally	grow	on	a	
time	scale	much	slower	than	the	Alfven	time.	[R.	White	[1]	,	G.	Bateman	[2]]	

	

•  MHD	Stability	analysis	in	this	study	focus	on:		
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JETTO		
transport	code	

CREATE	NL	
Electro	
magnetic	
analysis	

CHEASE		
equilibrium	code	

MARS	
Stability	code	

General	info	(such	as	total	current,	
magnetic	field,	geometric	radius,	
magnetic	radius)		
Pressure	p	
dp/dψ	
Poloidal	current	flux	function	T	
TT’	
ψ	
q	profile	
Plasma	boundary	

Perturbed	fields	
Growth	rate	and	frequency	
of	the	instability	
…	

eqdsk:	

equilibrium	fields	(Bχ,	Bφ	)		
currents	(Jχ,	Jφ	)			
covariant	metric	tensor	(gij)	
in	Fourier	representation	
…	

Codes	used	for	the	analysis:		
MARS	and	CHEASE	

Pressure	p	
Density	current	j	
…	
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Equilibrium	->	CHEASE		
H.	Lütjens,	A.	Bondeson,	O.	Sauter	[3]		

p’(s)=dp/dψ	 TT’(s)=TdT/dψ	

∇⋅
1
R2

∇ψ =
j
Φ

R
= −p '(ψ)− 1

R2
TT '(ψ)

The	code	solves	the	Grad-Shafranov	equation	in	toroidal	geometry		

(R,Z,	ϕ),	(ρ,θ,ϕ)	

Pressure->	1.05	Pa	on	axis	
pressure	peaking=p0/<p>≈4		

B = T∇φ +∇φ ×∇ψ
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q0=0.744			
qedge=4.32			
q95%=2.84		

Safety	factor	profile	

q	 I*=<jphi/R>/<1/R>μ0R0/B0	

Surface	averaged	current	density	obtained	by	
CHEASE	



Stability	analysis	->MARS	
A.	Bondeson,	G.	Vlad,	and	H.	Lütjens	[4]	

It	solves	full	MHD	linear,	resistive	equations	[	A.	Bondeson,	G.	Vlad,	and	H.	Lütjens	[4]].	
	
It	considers	a	two	dimensional,	axisymmetric	general	toroidal	geometry		carried	out	in	flux	
coordinate	(s,χ,φ)	where	s=(1-ψ/ψaxis)1/2	is	the	radial-like	coordinate,	ψ	is	the	poloidal	flux	
function,	χ	is	a	generalized	poloidal	angle	and	φ	is	the	geometrical	toroidal	angle.	
	
It	is	a	spectral	code,	that	is,	it	solves	the	MHD	equation	in	the	Fourier	space	of	the	toroidal	
and	poloidal	coordinates.	
	
The	s	radial	like	coordinates	is,	instead,	solved	with	the	finite	elements	technique	
	
It	can	consider	a	vacuum	zone	between	the	plasma	last	closed	surface	and	a	perfectly	
conducting	wall	which	is	conformal	to	the	plasma.	This	conducting	wall	can	be	placed	on	the	
plasma	surface	as	well.	

Perturbed	fields	
Growth	rate	and	frequency	
of	the	instability	

Output	relevant	quantities	
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Ideal	modes	revealed	in	the	analysis:	

•  Internal	kink	(m,n)=(1,1),	q=1	rational	surface	localized	around	a	large	
radius≈0.6		

•  Infernal	modes	[Manickam	[5]]from	low	to	intermediate	toroidal	n	and	poloidal	m	
mode	numbers,	localized	around	the	low	shear	and	high	gradient	pressure	zone.	They	
are	pressure	driven	internal	MHD	instabilities	that	are	excited	in	a	region	of	low	
shear.	

	

Note	that	when	profiles	do	not	admit	infernal	modes,	ballooning	modes	are	considered	the	
most	limiting	modes,	unless	q0<1	in	which	case	the	n=1	internal	kink	may	be	more	restrictive.	
	
If	infernal	modes	are	present	then	a	moderate	n	may	be	the	most	unstable,	anyway	this	
value	of	n	is	profile	dependent	and	the	growth	rate	has	an	oscillatory	behaviour	with	respect	
to	n	and	thus	it	is	difficult	to	predict	which	mode	number	will	be	the	most	unstable.			

Summary	of	results	obtained	



•  Resistive	internal	kink	(m,n)=(1,1).		
•  No	evidence	of	tearing	modes	(m,n)=(2,1)	or	(m,n)=(3,2).		

Resistive	modes	revealed	in	the	analysis:	

Sensitivity	analysis	on	relevant	quantities	such	as	the	q0	and	β	show	[Turnbull	[7],	Buttery	[8],	
Fasoli	[9]]:			
•  Internal	kink	is	switched	on	as	long	as	the	q0<1.		
•  Infernal	modes	are	still	revealed	as	long	as	the	q	rational	surfaces	are	in	a	low	shear	

and	high	pressure	gradient	zone		
•  For	q0>1	or	high	β,	external	modes	have	been	found				

Convergences	test	have	been	executed	to	confirm	the	analysis.	

No	external	mode	observed	for	this	equilibrium	
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ü  A	(m,n)=(1,1)	internal	kink	is	revealed	with	a	perfectly	conducting	wall	placed	at	infinite	
		

ü  The	plot	shows	the	perturbed	
velocity,	radial	component	vs(s),	of	
the	internal	kink	(m,n)=(1,1).	

Stability	analysis	with	MARS	for	the	reference	scenario:	ideal	study	

vs(s)	radial	perturbed	velocity	of	the	
internal	kink	mode	with	no	radial	
node,	γτA=0.023	(rext=3.).	
vs(s)	radial	perturbed	velocity	with	
radial	nodes,	γτA=0.0026	(rext=3.).	
	
ü  The	growth	rate	decreases	as	the	

number	of	radial	nodes	increases.	

vs1,1	(s)	(a.u)	

vs1,1	(s)	(a.u.)	

q(s)	
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ü  The	mode		growth	rate	has	a	dependence	from	the	conducting	wall	
position,	meaning	the	mode	contains	an	external	mode	component;	
anyway	it	survives	when	the	perfect	conducting	wall	is	placed	on	the	
plasma	surface	that’s	why	it	is	named	“internal”	kink.	

γτA	

mass	density	constant	
mass	density	with	a	profile	

ü  Thus,	to	simplify	the	analysis,	a	
constant	mass	density	profile	has	
been	chosen	from	here	on.	

ü  Moreover	the	plot	shows	
that	the	difference,	
concerning	the	growth	rate	
when	a	constant	mass	
density	is	chosen,	is	
negligible	and	the	
qualitative	behaviour	is	the	
same.	

Growth	rate	versus	the	wall	position	
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rext=b/a	



ü  No	modes	were	found	for	n=2,	3,	5,	6,	9	stability	analysis	

ü  Stability	analysis	for	n=4,	7,	8,	10	reveals	the	presence	of	infernal	modes	whose	dominant	
mode	numbers	are	(m,n)=(3,4),	(5,7),	(6,8),	(7,10)	

low	shear	region	of	q	profile	

q	profile	

q=3/4=0.75@S-MESH=0.1	
	

Note	the	presence	of	spikes	
or	steps	around		the	rational	
surfaces	q=3/4	

As	an	example	the	
perturbed	radial	velocity	for	
modes	number	(m,n)=(3,4)	
is	shown;in	particular	the	
main	infernal	mode	with	its	
one	node	mode	is	depicted.	
Note	that	the	infernal	
multiple	nodes	modes	have	
a	lower	growth	rate	with	
respect	to	the	main	mode.	
	

vs3,4(s)	main	
vs3,4(s)	one	node	

γτA=0.018	
γτA=0.0092	
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(m,n)=(5,7)	
	

vs(s)	main	
vs(s)	one	node	

(m,n)=(6,8)	 (m,n)=(7,10)	

vs(s)	two	nodes	

Infernal	modes	for	higher	n	
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q	
p	

Infernal	modes	position	on	q	rational	surfaces	

ü  The	infernal	mode	is	a	
pressure	driven	internal	
MHD	instability,	from	low	
to	intermediate	toroidal	n	
and	poloidal	m	mode	
numbers,	that	is	excited	in	
a	region	of	low	shear.	

ü  both	conditions	have	to	be	
simultaneously	fulfilled.	
Indeed	by	setting	p’=0,	the	
mode	disappears		

low	shear	zone	

internal	kink	
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ü  The	plot	shows	the	oscillatory	
behaviour	of	the	infernal	mode	
growth	rate	with	respect	to	n	
(as	a	continuous	function);	for	
this	reason	it	is	difficult	to	
predict	which	n	value	is	the	
most	unstable.	The	same	plot	
from	Manickam	analyses	is	
shown	[J.	Manickam	[5]]	

	
ü  A	red	dot,	which	represents	

the	internal	kink	growth	rate,	
is	reported	for	comparison.			

γτA	
n	

n	
J.	Manickam,	1987	Nucl.	Fusion	27	

internal	kink	
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Stability	analysis	with	MARS	for	the	reference	scenario:	resistive	study	

1/S	

γτA	

ηµτ 2
0aR =

φρµτ BR mA 00=

S = τR τ A∝
1
η

Resistive	diffusion	time	

Alfven	time	

Lundquist	number	

In	the	plot,	the	growth	rate	for	the	
internal	kink	is	barely	affected	by	
resistivity.	Indeed	the	growth	rate	is	
0.0235	for	the	ideal	case.	
Moreover	in	DTT	1/S	is	around	10-10.	

•  Resistive	internal	kink	(m,n)=(1,1)	found.	The	plot	shows	the	growth	rate	vs	1/S	for	such	mode.	

•  No	tearing	modes	revealed.	Mesh	size	densified	around	significant	rational	q	surface	to	
show	modes	in	thin	resistive	layer.	V.	Fusco	-	WIP	28	February	2022	



Sensitivity	analysis	varying	i)q0=qaxis	and	ii)βexp	

ItotMA	 q0	 q95%	 qedge	 βexp%	 βN	

original	 5.489	 0.74	 2.8450	 4.3	 1.89	 1.20	

0.5p0	 5.505	 0.75	 2.82	 4.2	 0.0096	 0.73	

1.5p0	 5.475	 0.71	 2.87	 4.4	 2.81	 1.81	

2p0	 5.459	 0.69	 2.90	 4.5	 3.72	 2.43	

2.5p0	 5.444	 0.67	 2.93	 4.6	 4.64	 3.04	

ItotMA	 q0	 q95%	 qedge	 βexp	 βN	

original	 5.489	 0.74	 2.8450	 4.3211	 1.89	 1.20	

q_1	 5.487	 0.82	 2.8747	 4.0016	 1.866	 1.191	

q_3	 5.327	 1.10	 2.9072	 3.999	 	1.803	 1.328	

q_3_bis	 5.315	 1.3	 2.9636	 4.0067	 1.675	 1.263	

q_4	 5.131	 1.5	 2.9965	 4.0087	 1.606	 1.086	

ü  Other	quantities,	such	as	total	current	It,	qedge…,	profiles,	are	kept	constant	.		
	

	
From	CHEASE:	
β*%=2.16493087	
	
βexp%=1.89007615	
	
βN=1.20398	
	

β* % =
2µ0 (< p

2 >)1/2

B0
2

βexp% =
2µ0 < p >
B0
2

βN =
βexp%

I p / aB0

i)	

ii)	
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i)	Sensitivity	analysis	on	q0=qaxis	

New	analytical	q,	keeping	the	profile	shape	and	the	qedge	fixed:	
			

qnew (s) = q(s) 1+ k e
−s p
−
1
e

⎛

⎝
⎜

⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

I	

k = q0new
q0

−1
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟
e
e−1

I*	

p=1	
p=2	

p=3	
p=3	

V.	Fusco	-	WIP	28	February	2022	



V.	Fusco	-	WIP	28	February	2022	

External	modes	

Internal	kink	
Infernal	modes	

q	

internal	kink	

external	modes	

infernal	modes	

m=2	

m=7	

m=6	

m=5	

m=3	

m=2	

m=6	

m=5	

m=3	

m=7	
m=6	

m=5	

m=4	

m=3	m=2	

γτA	

Positions	of	the	infernal	modes,	internal	kink	
and	external	modes	on	the	different	safety	
factor	q	versus	the	s		

Growth	rate	vs	n	
m	are	reported	as	well	

1	 3	 5	 7	



MHD	stability	analysis	q_3_bis	
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No	internal	kinks,	no	infernal	modes	up	to	n=10.	
•  Only	an	m,n=2,1	mode	is	revealed;	it	is	an	external	mode	as	the	following	picture	shows		
	

q(s)	
I*	

vs2,1(s)	
γτA=0.013	γτA	

rext=b/a	
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Sensitivity	analysis	on	ii)βexp	

ItotMA	 q0	 q95%	 qedge	 βexp%	 βN	

original	 5.489	 0.74	 2.8450	 4.3	 1.89	 1.20	

0.5p0	 5.505	 0.75	 2.82	 4.2	 0.0096	 0.73	

1.5p0	 5.475	 0.71	 2.87	 4.4	 2.81	 1.81	

2p0	 5.459	 0.69	 2.90	 4.5	 3.72	 2.43	

2.5p0	 5.444	 0.67	 2.93	 4.6	 4.64	 3.04	

It	results,	as	expected,	very	
small	changes	on	q	
profile…	

q	

whilst	the	pressure	changes…	



original	p0	

p=0.5p0	
p=1.5p0	

p=2.p0	

p=2.5p0	

Pressure	 γτA	

internal	kink	

As	for	the	nominal	case,	internal	kinks	and	infernal	modes	are	revealed;	the	infernal	modes	
position	on	q	only	sligthtly	changes,	because	the	q	profile	is	almost	untouched.	

external	mode*	
m=2	

infernal	modes	

1	 3	 5	 7	 9	
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*External	mode	 m,n=2,2	

vs2,2(s)	
γτA=0.0189	

γτA	

rext=b/a	

q(s)	
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Conclusions	

ü  A	stability	analysis	has	been	performed	from	low	to	intermediate	toroidal	mode	number	n	

ü  for	the	reference	scenario			
Internal	kink	(m,n)=(1,1)	exists	localized	at	a	large	radius	
	
Infernal	modes	localized	around	the	low	shear	and	high	gradient	pressure	zone	are	
revealed.	This	analyses	shows	that	such	modes	have	higher	growth	rate	than	the	internal	
kink,	anyway	the	oscillatory	beahviour	of	the	growth	rate	with	the	mode	number	n	makes	it	
difficult	to	predict	which	n	is	the	most	unstable	mode	[6,7].			

ü  varying	q0	and	βexp	
An	internal	kink	(m,n)=(1,1)	does	exist	as	long	as	q0	≲1	
Infernal	modes	localized	around	the	low	shear	and	high	gradient	pressure	zone	are	revealed.	
When	q0	>1	low-intermediate	infernal	modes	disappear	and	(m,n)=(2,1)	external	mode	
appears.	
	
When	the	βexp%	is	changed,	q	profile	remains	unperturbed	thus	the	internal	kink	(m,n)=(1,1)	
is	still	unstable.	Infernal	modes	are	also	revealed.	As	long	as	the	pressure	is	increased	
(m,n)=(2,2)	external	mode	appears.							

ü  Resistivity,	in	this	scenario,	doesn’t	change	the	modes	pictures	
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Work	in	progress	

•  Characterization	of	low	n	MHD	modes	using	HYMAGYC	code		(hybrid	MHD	–Gyrokinetic	
code	developed	in	Frascati)	

					->	towards	adding	kinetic	effects	
					->use	of	the	FALCON	code	(developed	in	Frascati)	to	characterize	the	Alfven	continua	
	
	
•  JALPHA	Workflow	has	been	already	used	to	study	the	so	called	peeling-ballooning	modes	
which	are	medium-to-high	n	ideal	MHD	modes,	localized	at	the	outermost	plasma	region.	
No	modes	were	revealed.	The	equilibrium	and	stability	codes	used	were	HELENA	and	ILSA									
which	are	compatible	with	CHEASE	and	MARS;	these	codes	uses	a	more	convenient	
curvilinear	geometry	metrics	thus	they	are	prone	to	be	inserted	in	the	workflow.	
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The	equilibrium	code	used	is	CHEASE	[H.	Lütjens,	A.	Bondeson,	O.	Sauter	[3]],	a	fixed	
boundary	code	that	solves	the	Grad-Shafranov	equation	in	toroidal	geometry,	assuming	
static	MHD	equilibria	and	axisymmetry.	

∇⋅
1
R2

∇ψ =
j
Φ

R
= −p '(ψ)− 1

R2
TT '(ψ)

Output	relevant	quantities	

Poloidal	flux	Ψ	
Metric	tensor	for	different	stability	
codes	
Equilibrium	fields:	
•  		B = T∇φ +∇φ ×∇ψ

cocos=2		->(R,Z,	ϕ),	(ρ,θ,ϕ)	

CHEASE	and	MARS	
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MARS	
•  Resistive	spectral	code	for	full	MHD	linear	stability	analysis		
	
•  Two	dimensional,	axisymmetric	general	toroidal	geometry		carried	out	in		
						flux	coordinate	(s,χ,φ)	
							where		
						s=(1-ψ/ψaxis)1/2	is	the	radial-like	coordinate,		
						ψ	is	the	poloidal	flux	function		
						χ	is	a	generalized	poloidal	angle	which	depends	on	the	choice	for	the	Jacobian*	
						φ	is	the	geometrical	toroidal	angle.	

*	J=	C(Ψ)RNEGP|gradΨ|NER	
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The	choice	of	the	Jacobian	have	consequences	on	the	χ	mesh:		

V.	Fusco	-	WIP	28	February	2022	



The	perturbations	of	velocity,	magnetic	fields	and	current	density	are	represented	as	

v = J(vs∇χ ×∇φ + vx∇φ ×∇s+ vφ∇s×∇χ )
b = bs∇χ ×∇φ + bx∇φ ×∇s+ bφ∇s×∇χ

j = j s∇χ ×∇φ + j x∇φ ×∇s+ jφ∇s×∇χ

The	equilibrium	fields	(Bχ,	Bφ	),	currents	(Jχ,	Jφ	)		and	the	covariant	metric	tensor	(gij)	are	
supplied	in	Fourier	representation	by	the	equilibrium	code	Chease	
	

MARS	decomposes	in	Fourier	the	poloidal	and	toroidal	angular	variation:	

vs (s, χ,φ) = einφ vm
s (s)eimχ

m=m1

m2

∑ vχ (s, χ,φ) = einφ vm
χ (s)eimχ

m=m1

m2

∑ vφ (s, χ,φ) = einφ vm
φ (s)eimχ

m=m1

m2

∑

bs (s, χ,φ) = einφ bm
s (s)eimχ

m=m1

m2

∑ ...

...

The	discretization	in	s	uses	the	finite	element	method	(FEM)	piecewise	linear	and	piecewise		
constant	(integer	grid	and	half	grid	respectively).	
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Reference	scenario	
Internal	kink	(m,n)=(1,1)	with	the	others	m	components		
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Infernal	Mode	m,n=3,4	
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External	mode	m,n=2,1	q_3_bis	
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External	m,n=2,2			p=2.5p0	



NPSI=560	

NPSI=360	

NPSI=460	

NPSI=760	

NPSI=180	

γNPSI=∞=0.0238	

γτA	

Convergences	test:	mesh	size	
MARS	results	has	been	validated	with	convergences	tests	

•  The	eigenvalue	converges	
quadratically	with	the	mesh	
size:	Δγ=1/NPSI	

•  When	NPSI=360	(mesh	size	in	
ψ),	the	error	is	within	%.	

Δγ
γ
% =

γ −γNPSI=∞
γNPSI=∞

%

NPSI=560	

NPSI=360	

NPSI=460	

NPSI=760	

NPSI=180	
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Sensitivity	analysis	on	the	spectral	component	m1,	m2	for	n=1	

vs (s,χ ,φ) = einφ vm
s (s)eimχ

m=−3

m2

∑

...

m2	m1	

m2=15	 m1=-5	

Scanning	in	higher	m	
•  lower	edge	m	fixed	

Scanning	in	lower	m	
•  higher	edge	m	fixed	

vs (s, χ,φ) = einφ vm
s (s)eimχ

m=m1

m2

∑

...
vs (s,χ ,φ) = einφ vm

s (s)eimχ
m=−m1

15

∑

...

γτA	

-5	 15	

NPSI=360	
NPSI=460	

MARS	sensitivity	studies:	spectral	components	

In	these	simulations	m1=-5	
and	m2=15	has	been	chosen	
(21	harmonics).	
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